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ABSTRACT
Determining the surface resistance of electro conductive refined natural leather materials is in the focus of 
this paper. Natural leather samples are initially transformed to conductive by applying chemical treatment 
process known as polymerization. Due to the existence of various techniques for measuring electrical resistance 
of conductive materials, we are focused on measuring surface resistance by arranging four electrodes in the 
edges of square leather samples, also known as Van der Pauw method. Improving the results accuracy, we 
use a multi-variant electrode placement over the sample edges. The result is the average of all results gained 
for different placements. Moreover, we use this electrode placement technique to analyse the anisotropy of 
conductive samples. The results of this research provide important knowledge about leather chemical treatment 
and its electrical proprieties.
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INTRODUCTION 
Textiles have a variety of uses, most commonly in the clothing industry. In recent years, smart textiles are 
used as they are able to respond to changes in the environment. These kinds of textiles are a mix of textile 
materials with electric, magnetic, chemical and thermal systems. 
Smart textiles are used in different areas, for example, sportswear, where they monitor physical parame-
ters, in clothing for elderly people where they monitor life signs, or in living spaces to help improve human 
thermal comfort and energy efficiency. Smart textiles are seen as the new trend in the last decades. 
In this paper, we focus on electrical properties of conductive sheep leather obtained through polymeriza-
tion. It is important to investigate electrical properties of leather materials in order to predict their possible 
applications in the future. Leather is used for clothes, accessories, on furniture, and car interiors.
Studies on electrical measurement of textile materials have been carried out since Hersh and Montgomery 
[1] used a novel apparatus to study the electrical resistance of textile fibres and fibre assemblies. They inves-
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tigated electrostatic properties of natural fibres on different ambient conditions. They found that electrical 
properties of those fibres are highly dependent on material moisture. Another novel approach for evalu-
ating electrical properties of textile assemblies was proposed by Berberi [2]. The author proposed a new 
multi-step method for evaluating electrical resistance. Furthermore, he developed a novel probe for resist-
ance measurement using volume fraction properties of the material. Kacprzyk [3] described measurement 
of volume and surface resistance of textile materials as well. They compared different electrode systems 
for resistance measurement. Yang and Wang [4] provided an approach for measuring resistivity of thin film 
insulating material by developing a new circular probe.
The above mentioned methods focused on electrical properties of textile fibres, but a variety of methods 
can be found in literature that focus on measurement of textile’s surface resistance by placing different 
number of electrodes over thin film surface material. The most commonly used measurement methods 
are the two- and the four-probe measurement methods. The two-probe methods evaluate electrical resist-
ance of the material by using Ohm’s law, but the accuracy is volatile in case of thin films. It is for this reason 
that four-probe methods are most commonly used. These methods are classified into two main groups: 
linear placement and peripheral placement. Wenner [5] proposed a surface resistance measurement by 
placing four equidistant electrodes in a line where two of them measure voltage drop and the remaining 
two measure the current ﬂow. On the other hand, Van der Pauw [6] proposed a different four-probe system 
for measuring surface electrical resistance for any arbitrarily shaped thin material. In our work, we focus 
on Van der Pauw’s technique for resistance measurement. 
Many authors used this method for measuring electrical resistance. Authors [7] applied Van der Pauw’s 
method for measuring electrical resistance on thin film materials; they also took into account the correction 
factor. The application of the method in textile material resistance measurement is published in a paper 
by Tokarska [8], where she investigated the contact diameter of electrodes and their arrangement. Kazani 
et. al [9] used van der Pauw’s method to measure electrical resistance of anisotropic thin layers screen-
printed on textile. 
Furthermore, the four-probe method is used by Schnabel [10] for evaluating anisotropy on parallel-plane 
crystals. Investigation of anisotropy of electrical properties of textile fabrics was the focus in Azoulay [11]. 
The author analysed the electrical properties in different weaving directions of the textile material. Tokarska, 
Frydrysiak, and Zięba [12] analysed the electrical properties of textile materials by exposing its anisotropy 
and homogeneity properties. 
Other electrical properties are investigated by different authors as well. Asanovic et al. [13] analysed resist-
ance and dielectric properties of different textile materials as function of air humidity. Banaszczyk et al. [14] 
modelled current distribution of electro-conductive fabrics. They modelled textile fabrics by using electrical 
circuit model and then mapping current distribution generated by the simulated circuit model. 
The characteristics of textile materials are investigated after chemical treatment have been applied as well. 
For example, Yoon and Lee [15] assessed performance characteristics of developed breathable waterproof 
materials. The investigation of chemical treatments of textile fabrics is also reported in [16]. The authors 
focused on developing an electronic textile resistor by treating less conductive fabric with polypyrrole in 
order to increase conductivity. They developed a prototype for measuring electrical resistance on conduc-
tive fabric. Improving textile materials’ conductivity using polypyrrole treatment is investigated by Kaynak 
and Beltran as well [17]. They analysed the relationship between surface resistivity and concentration of 
conductive elements used. Electrical conductivity of polypyrrole coated textiles was investigated by Vare-
sano et al. [18]. Electrical surface resistivity of conductive polymers using statistical approach was investi-
gated in [19].
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Conductive transformation of textile materials is the focus of many authors. In recent publications, the 
investigation of leather conductivity and it possible applications to smart textiles has an important place. 
Conductive leather analysis for smart textile applications is the focus of Wegene and Thanikaivelan [20]. 
After using single in situ polymerization of pyrrole to produce conductive leather, they analysed polypyrrole 
coating by using Fourier transform infrared spectroscopy and electron microscopic analysis. In addition, 
the leather colour was investigated using reﬂectance measurements. Likewise, Yang et al. [21] produced 
artificial leather with high thermal conductivity by adding aluminium oxide (Al2 O3). Furthermore, they [22] 
developed high thermal conductive leather for smart electronic materials. Hong [23] processed leather in 
a conductive chemical treatment in order to develop conductive leather gloves.
Our study focuses on determining surface resistance of natural leather processed for conductivity by the 
four probe method known as the Van der Pauw method. Our previous works [24, 25] were focused on trans-
forming nonconductive leather using chemical treatments. Attention was given not only to surface resist-
ance, but to analysing anisotropy of conductive material after chemical processing as well. 
VAN DER PAUW RESISTIVITY MEASUREMENT METHOD
This method, introduced by Van der Pauw, is intended for resistance measurement of any arbitrarily shaped 
ﬂat sample of homogeneous thickness [6]. The method evaluates two-dimensional surface resistivity using 
a minimum of four measurements by placing four electrodes in different positions around the periphery of 
the sample as shown in Figure 1(a-h). 
More specifically, according to the Van der Pauw’s theory, surface resistance is calculated using the following 
equation:
e -πRvertical/Rs + e -πRhorizontal/Rs = 1
where Rvertical is the mean sample resistance of four configurations (Figure 1, b-d-f-h) defined by Ohm’s law as 
the ratio between potential difference in two points with current ﬂowing in the two other, opposite points. 
is calculated in a similar manner. Surface resistance is obtained by solving equation 1.
(1)
Figure 1. Electrode configurations for Van der Pauw’s resistance measurement taking polarity into consideration
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LEATHER CONDUCTIVE TRANSFORMATION
Leather is a natural material created by tanning raw hides to make it durable, resistant, ﬂexible, etc. White 
sheep crust leather is treated chemically in order to make it conductive. Different methods can be used to 
prepare conductive leather. We decided to use the single in-situ polymerization of pyrrole method which 
produces conductive and coloured leather samples in one chemical treatment and is environmentally 
friendly. The leather samples are taken in accordance with ISO 2418 : 2017 (Leather – Chemical, physical 
and mechanical and fastness tests. – Sampling location). The samples (8 x 8 cm) were first treated with 
a pyrrole/AQSA mixed solution for 1 hour at room temperature rotating manually at 10 rpm in order for 
the solution to penetrate in a homogenous way. Next, ferric chloride solution, which plays the role of an 
oxidant, was added to initiate the polymerization. The concentrations of monomer (pyrrole), AQSA as a 
dopant, and FeCl3 as oxidant, were varied and optimized in order to provide the maximum conductivity of 
leather. Polymerization was carried out for 2 h at 5°C rotating manually at 10 rpm. Finally, the polypyrrole 
coated leather samples were washed with distilled water and dried at 35 °C. The treated leather samples 
were conditioned according to ISO 2419:2012 method (Leather – Physical and mechanical tests – Sample 
preparation and conditioning) before the electrical measurements.
MEASUREMENTS OF SURFACE RESISTANCE OF LEATHER SAMPLE
The purpose of this study was to determine surface resistance of conductive leather samples and compare 
how chemical substrate was distributed during the process. Surface resistance was determined using four-
probe method which indicates the ratio of voltage drop between one pair of electrodes with current ﬂow 
between the other pair of electrodes placed opposite each other in case of square shaped samples. The 
anisotropy of leather samples was observed using four-electrode technique, by adding different probe place-
ment scenarios. Each of the results is the observation of five repetitions and the error of measurement is 
estimated using the standard deviation formula. 
I. Surface resistance measurements
Leather samples resistances were calculated based on electrode placement as shown in Figure 1(a-h). First, 
the ratio between voltage drop and current ﬂow was calculated and then a script file was used to solve Van 
der Pauw’s equation for determining square-shaped surface resistance. In order to conduct this experi-
ment, a Tektronix DMM4050 Multimeter, a DC Power supply PS23023 and four measurement probes were 
used as shown in Figure 2. The surface resistances obtained for four different leather samples are shown 
in Table 1 and Table 2.
Figure 2. Leather sample measurement schematics for multi-scenario electrode placement
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Table 1. Electrical properties of leather samples 1-2
 Sample 1 Sample 2
Variant 
Attribute Fig.2.a Fig.2.b Fig.2.c Fig.2.d Fig.2.a Fig.2.b Fig.2.c Fig.2.d
Voltage (V) 1.74 2.09 0.76 0.84 0.8 0.98 2.6 2.2
Current (A) 0.08 0.1 0.1 0.11 0.09 0.09 0.09 0.07

















Surface resistance (Ω/m2)) ± 
estimated std 60.15 ± 4.04 78.53 ± 4.89
Table 2: Electrical properties of leather samples 3-4
 Sample 3 Sample 4
Variant
Attribute Fig.2.a Fig.2.b Fig.2.c Fig.2.d Fig.2.a Fig.2.b Fig.2.c Fig.2.d
Voltage (V) 1.14 1.35 1.8 1.67 1.22 1.52 1 1.25
Current (A) 0.08 0.09 0.09 0.08 0.05 0.06 0.05 0.07

















Surface resistance (Ω/m2)) ± 
estimated std 78.69 ± 4.81 98.61 ± 6.14
II. Anisotropy observation 
In our study, anisotropy indicates how the chemical treatment of leather samples was applied from the elec-
trical point of view. We observed it using different electrode placements as shown in Figure 3. 12 different 
variants were used in order to observe electrical properties each of them based on the opposites principle. 
In the first variant, AB points were used as voltage measurements and the two remaining points were used 
as the path for current ﬂow. In the second variant, AB points were used as current ﬂow and the voltage 
drop was measured on the CD points.
Electrical properties for both chemical treatment samples were measured under ambient conditions (19 ⁰C 
and 47 %). The values of the measurements were taken 60 seconds after the current started ﬂowing through 
the leather sample. Five measurements were done for each sample and the mean value was calculated. 
As can be seen in Table 3, the resistance values obtained using two variants of swapping electrode place-
ment were Ra=21.75 Ω and Rb=20.9 Ω, meaning that anisotropy of conductive material distribution occurred. 
For the results in Table 3, there was an obvious conclusion that the conductive substrate was not spread 
homogeneously leading to anisotropy in electrical properties of the leather. 
a Estimated standard deviation measures the dispersion of five different measurements
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Table 3. Electrical characteristics of four samples using different electrode placement
Sample 1
Variant
Attribute Fig.4.a Fig.4.b Fig.4.c Fig.4.d Fig.4.e Fig.4.f Fig.4.g Fig.4.h Fig.4.i Fig.4.j Fig.4.k Fig.4.l
Voltage (V) 1.74 2.09 0.76 0.84 0.7 0.54 3.6 3.85 1.12 1.27 1.99 2.01
Current (A) 0.08 0.1 0.1 0.11 0.11 0.1 0.16 0.16 0.1 0.12 0.12 0.11




























Attribute Fig.4.a Fig.4.b Fig.4.c Fig.4.d Fig.4.e Fig.4.f Fig.4.g Fig.4.h Fig.4.i Fig.4.j Fig.4.k Fig.4.l
Voltage (V) 0.80 0.98 2.6 2.2 0.74 0.69 1.09 3.37 3.14 1.82 1.4 1.79
Current (A) 0.09 0.09 0.09 0.07 0.09 0.09 0.09 0.16 0.15 0.09 0.11 0.09


























Figure 3. Electrode placement for anisotropy identification
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Sample 3
Variant
Attribute Fig.4.a Fig.4.b Fig.4.c Fig.4.d Fig.4.e Fig.4.f Fig.4.g Fig.4.h Fig.4.i Fig.4.j Fig.4.k Fig.4.l
Voltage (V) 1.14 1.35 1.8 1.67 0.47 0.26 3.23 3.15 0.55 0.62 2.24 2.04
Current (A) 0.08 0.09 0.09 0.08 0.09 0.08 0.14 0.13 0.09 0.08 0.09 0.09




























Attribute Fig.4.a Fig.4.b Fig.4.c Fig.4.d Fig.4.e Fig.4.f Fig.4.g Fig.4.h Fig.4.i Fig.4.j Fig.4.k Fig.4.l
Voltage (V) 1.22 1.52 1 1.25 0.39 0.38 3.16 3.03 0.78 0.67 1.55 1.93




























Conclusion results from the conducted analysis on conductive transformed leather resistance measurements. 
The results of this research can provide important knowledge about electrical proprieties of conductive 
leather.
The following conclusions result from analysis of transformed nonconductive to conductive by applying 
chemical treatment. Understanding the transformed samples, electrical proprieties are surveyed, taking 
into consideration surface resistance for conductivity analysation and linear resistances in case of anisot-
ropy. Both of these methods rely on four probe measurement techniques.
Obtained surface resistance values indicate significant outcomes, where we have samples with high conduc-
tivity values. Analysing leather conductivity values will be subject to upcoming research, since the research 
interests are in the application of them in the real life scenarios.
The other measurement technique also applies different electrode placement, where linear resistance 
values indicate anisotropic characteristics of leather samples. These results show that chemical treatment 
of conductive leather is not uniformly distributed. 
We aimed to provide important knowledge about the electrical properties of conductive leather materials, 
a problem not so treated in literature. 
As a future improvement of this research, we aim to try the effectiveness of conductivity transformation 
on real applications. 
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